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A molecular phylogenetic investigation was undertaken to identify species within the 
morphologically homogeneous Simulium jenningsi species group, a pestiferous group of 
22 species of black flies restricted to the Nearctic region.  Several species in this group 
have well documented medical and veterinary importance, most notably S. luggeri and S. 
jenningsi.  Unfortunately, females are monomorphic, a conundrum given their pest status.  
The objective of this study was to examine the utility of molecular data in species 
identification, with obvious application to identification of pest females.  Towards this 
end, we sequenced approximately 2 kilobases of sequence data from the mitochondrial 
(Cox I + proximal one-half of Cox II) and nuclear (big zinc finger 2) genomes from 
positively identified exemplars (pupae, some larvae) and analyzed them phylogenetically 
using parsimony and Bayesian criteria.  Combined analyses were not conducted due to 
extreme incongruence between the data sets.  Mitochondrial and nuclear data sets 
sufficient for ready identification of approximately one-third and one-half, respectively, 
of the known species.  Both genes recovered S. aranti, S. luggeri, S. ozarkense, S. 
penobscotense, and portions of the S. fibrinflatum complex (S. fibrinflatum, S. underhilli, 
S. notiale, and S. snowi).  Species positively identified by analyses of independent data 
sets include S. taxodium and S. chlorum with the mitochondrial data and S. haysi, S. 
krebsorum, S. dixiense, S. definitum, S. remissum, S. infenestrum, S. podostemi, and S. 
jenningsi with big zinc finger 2.  Future studies to better resolve species identities in this 
group should focus on additional nuclearly encoded markers or perhaps amplified 
fragment length polymorphism (AFLP) approaches.  However, we suspect that 
 v
introgression, lineage sorting, and differential sorting of ancestral polymorphisms 
occurred in various lineages within this group and may make complete phylogenetic 
reconstruction of all species lineages impossible. 
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i – Simulium jenningsi species-group 
 
 The Simulium jenningsi species-group is a group of black flies (Diptera: 
Simuliidae) currently represented by 22 species (Moulton and Adler, 1995).  Members of 
the species-group, listed in Table 1.1, are found only in the Nearctic Region, with species 
diversity concentrated in the southeastern United States although some species’ ranges 
extend up into Canada.  According to Moulton and Adler (1992), the S. jenningsi group is 
unrivaled by other taxa of black flies in its total dominance of virtually all lotic 
environments in the southeastern Nearctic.  Their occupation of such a wide range of 
environments is likely due to either a tolerance of various conditions and/or their ability 
to successfully outcompete other black fly taxa for food and habitat space (Stone and 
Snoddy, 1969).  All of the species are multivoltine and therefore are active throughout the 
warmer months, during which time females can be notorious for their incessant swarming 
behavior that can present an overwhelming obstacle for people in recreational areas near 
major watercourses (Adler et al., 2004). 
While all adult females take blood meals, several species of the group are 
distinguished for being particularly bothersome to humans and animals (Bauer and 
Granett, 1979; Fredeen, 1981; Stone and Snoddy, 1969), and serve as major deterrents for  
outdoor activities including agriculture, mining, tourism, and military exercises (Adler 
and McCreadie, 2002).  Adult females can be differentiated from other Nearctic simuliids 
through a combination of morphological characters; however, there is a lack of features 
for reliably identifying and separating most females of the group from one another 
(Moulton and Adler, 1995).  Larval and pupal characteristics traditionally have served as 
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Table I.1. Members of the Simulium jenningsi species-group (Adler et al., 2004). 
Species Author 
S. anchistinum Moulton and Adler, 1995 
S. aranti Stone and Snoddy, 1969 
S. definitum Moulton and Adler, 1995 
S. dixiense Stone and Snoddy, 1969 
S. haysi Stone and Snoddy, 1969 
S. infenestrum Moulton and Adler, 1995 
S. jenningsi Malloch, 1914 
S. jonesi Stone and Snoddy, 1969 
S. krebsorum Moulton and Adler, 1992 
S. luggeri Nicholson and Mickel, 1950 
S. nyssa Stone and Snoddy, 1969 
S. ozarkense Moulton and Adler, 1995 
S. penobscotense Snoddy and Bauer, 1978 
S. podostemi Snoddy, 1971 
S. remissum Moulton and Adler, 1995 
S. confusum species complex:  
S. chlorum Moulton and Adler, 1995 
S. confusum Moulton and Adler, 1995 
S. lakei Snoddy, 1976 
S. taxodium Stone and Beshear, 1968 
S. fibrinflatum species complex:  
S. fibrinflatum Twinn, 1936 
S. notiale Stone and Snoddy, 1969 
S. snowi Stone and Snoddy, 1969 
S. underhilli* Stone and Snoddy, 1969 
*currently listed as synonym of S. fibrinflatum 
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the primary means for identification but are not translated to the adult stage, resulting 
in uniform morphology. 
 Identification of black flies is strongly hindered by their structural uniformity, 
which is reinforced by the prevalence of species groups and sibling species, known and 
unknown alike.  In North America 27 species groups and 7 species complexes are 
recognized, comprised of 154 and 44 recognized species, respectively (Adler et al., 
2004).  Of 254 recognized species of black flies in North America, nearly 60% (154/254) 
belong to species groups.  Species groups average six species per group, which makes the 
Simulium jenningsi species-group (22 species) relatively large compared to the other 
groups in North America. 
Even though S. jenningsi-group adults remain in a state of anonymity, state-wide 
programs have been developed to control populations during the summer months.  In 
1983, Neighbors Against Gnats (NAG) of Pennsylvania formed a taskforce and sought 
funding and a solution to the season-long harassment that black flies induced 
(Department of Environmental Protection, Commonwealth of Pennsylvania, 2007).  The 
contemporary treatment in black fly suppression programs is Bacillus thuringiensis var. 
israelensis (Bti), has proven to be successful in killing the larvae stage thus reducing 
adult populations (Jackson et al., 2002).  The program has since grown due to its success 
and in 2007 included 31 Pennsylvania counties and approximately 1,500 miles of rivers 
and streams.  Although 53 species of black flies have been identified in Pennsylvania, 
four species of the S. jenningsi group are regarded as being primarily responsible for the 
human pest problem. 
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ii – Determination of pest status of S. jenningsi group 
  
Several species in the Simulium jenningsi group have been reported attacking 
humans and animals.  Simulium luggeri Nicholson and Mickel feeds on cattle and horses 
(Stone and Snoddy, 1969) and S. penobscotense Snoddy and Bauer has been identified as 
an avid biter of humans (Bauer and Granett, 1979).   Species in the Simulium jenningsi 
group have also been implicated as vectors of organisms causing disease for turkeys and 
cattle (Jones and Richey, 1956; Lok et al., 1983).  Such reports must be met with 
skepticism given the known limitations in identifying field-collected material.  Host 
preference and pest status for most of the species is unknown although all are presumed 
to be mammalophillic (Adler et al., 2004).  This inability to correctly identify females 
prohibits accurate determination of pest status and ultimately hinders timely, cost-
effective, and environmentally sound treatments against only problematic habitats (Adler 
and Kim, 1983).  Correct species identification is the first step in understanding ecology 
and behavior and determining appropriate control measures (Van Bortel et al., 2000).  
Thus, the development of rapid and accurate means for exact species classification is 
necessary to minimize the annoying behavior of black flies in pursuit of hosts. 
Difficulties in separating members of species groups have led to the increased use 
of molecular techniques in recent years for that purpose (Black and Munstermann, 2005; 
Service, 1988).  Initial use of molecular techniques for simuliid species identification 
focused on polytene chromosome analysis (Adler et al., 2004).  However, these analyses 
are limited to larval specimens and limited in range of application.  Further technological 
advancements led to the development of DNA-based techniques.  Popularity of such 
techniques is due, in large part, to the durability and stability of DNA, the ability to 
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identify damaged specimens, and rapid identification of specimens in any developmental 
stage (Harvey et al., 2003a).  DNA fingerprinting, also known as DNA typing, is a 
method for identifying and distinguishing organisms by sequencing the DNA, comparing 
the fragments, and forming unique genetic profiles (Reed, 2006).  Morphological 
identification during the pupal stage and subsequent genetic profiling, correlated with 
problematic adults and their fingerprint, will allow targeted treatment of infested aquatic 
habitats.   
DNA fingerprinting is advantageous because it exploits the fact that genomes 
contain species-specific patterns of DNA fragments, and with the use of the polymerase 
chain reaction (PCR), these fragments can be amplified and sequenced.  There are two 
advantages to using PCR.  First, it facilitates the range of specific gene regions.  Second, 
only small amounts of material are needed, which is ideal for minuscule specimens 
(Simon et al., 1994).  Mitochondrially encoded gene sequence variations have been 
proven to be informative for taxonomic resolution of black flies (Tang et al., 1995; Xiong 
and Kocher, 1991).  Nuclear genes (Brockhouse et al., 1993; Krüger et al., 2000) as well 
as nuclear and mitochondrial genes combined (Krüger et al., 2000), can also provide 
informative characters for identifying species.  
iii – Phylogenetic analysis 
 
In addition to identification purposes, DNA sequences can aid in interpreting 
evolutionary change and relationships among species by examining the amount of 
similarity in the molecular sequence data acquired from typing (Cook et al., 2005; 
Harvey et al., 2003b; Krüger et al., 2000; Tang et al., 1996).  Mitochondrial DNA 
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 (mtDNA) is commonly used for phylogenetic studies and has become a proven standard 
for many insect groups (Caterino et al., 2000).  Several factors contribute to the 
popularity of mitochondrial gene analysis, including range of application in evolutionary 
studies, lack of introns (non-coding regions), and ease of amplification.  Mitochondrial 
DNA also evolves at a higher rate than nuclear DNA due to the lack of any proofreading 
mechanism to correct errors during DNA replication, making it useful for studies of 
closely related organisms (Hoy, 2002).  Mitochondria do not undergo recombination and 
are maternally inherited, resulting in the construction of maternal phylogenies.  Some 
studies utilize cytochrome oxidase subunit I (COI) (Jamnongluk et al., 2003) or 
cytochrome oxidase subunit II (COII) (Pruess et al., 2000), but more frequently combine 
mtDNA genes COI and COII to maximize the number of loci for comparative studies 
(Caterino and Sperling, 1999; Kourti, 2006; Stevens, 2003).   
A point of contention has grown among scientists in recent years over the use of 
mitochondrial DNA, especially the sole use of mitochondrial genes in constructing 
phylogenetic trees (Rubinoff and Holland, 2005).  DNA barcoding, or more specifically 
the “Barcode of Life Initiative,” promotes the sequencing of only COI as means for 
inventorying global biodiversity (Herbert and Gregory, 2005; Savolainen et al., 2005).  
Critics of this plan espouse that mtDNA is limiting in that it retains ancestral 
polymorphisms, retains introgression following hybridization, and causes male-biased 
gene flow (Moritz and Cicero, 2004).  These inherent properties of mtDNA cause 
substantial error in three ways: error in inferring the gene genealogy, error in inferring a 
typical genealogy from that of a single molecule, and error in interpreting demographic 
history from gene genealogies (Ballard et al., 2004).  For these reasons, mtDNA is 
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viewed as potentially unreliable for inferring phylogenies.  While DNA barcoding utilizes 
only one source of potentially erroneous data, phylogenetic relationships derived 
exclusively from COI and COII utilize two sources of potentially misleading data.  
Therefore, the consensus is that more than one type of marker should be sequenced for 
molecular systematic methods and combining data sets should be considered (Caterino et 
al., 2000).  Resolution of relationships can be improved by combining data sets (Clark et 
al., 2001; Silva-Brandão et al., 2005).  However, combined data sets can result in 
incongruence (Monteiro and Pierce, 2001) with the mitochondrial data providing a 
greater number of informative characters.  On the other hand, incongruence between the 
data sets may result, and elimination of mitochondrial data may result in stronger 
supported phylogenies (Mallarino et al., 2005; Sota and Vogler, 2001).  
The objective of this research was to infer a phylogeny of the Simulium jenningsi 
species-group based on molecular fingerprints of mitochondrial and nuclear sequences.  
This information will be useful in resolving relationships between members of the group 
as well as serving in molecular identification and determination of pest status.   The 
ultimate goal of this approach is to apply this information to rapidly identify pest species, 
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II. MOLECULAR PHYLOGENY OF THE SIMULIUM 
JENNINGSI SPECIES-GROUP BASED ON 
MITOCHONDRIAL DNA SEQUENCES 
 
 16
i – Introduction 
 
Historically, species complexes within insects and other groups have been 
problematic for taxonomists and biologists alike.  Closely related species are difficult to 
separate morphologically due to their similar appearances.  Relationships are difficult to 
reconstruct due to rapid diversification and possible introgression and genetic drift 
(Brown, 1959).  However, with the advent of DNA-based methodology, several new and 
more powerful tools for uncovering hidden biodiversity have been developed (Tauzt et 
al., 2003).  Black flies (Simuliidae) are a model group because of numerous instances of 
cryptic speciation and massive species radiations.  Analysis of giant polytene 
chromosomes in larvae has provided ample evidence of cryptic speciation in this group.  
According to Adler et al. (2004), there are 7 recognized species complexes and 27 
recognized species groups in North America, comprised of 154 and 44 recognized 
species, respectively.  Of 254 recognized species of black flies in North America, nearly 
20% (44/254) belong to species complexes while nearly 60% (154/254) belong to species 
groups.  Species groups average six species per group, which makes the Simulium 
jenningsi species-group (22 species) relatively large compared to the other groups in 
North America.   
The Simulium jenningsi species-group (Table II.1), one of the largest species-
groups of black flies in North America, currently includes 22 species (Moulton and 
Adler, 1995) in at least three putative species complexes (S. jenningsi, S. luggeri, S. 
confusum) (Adler et al., 2004).  Immature stages of the group inhabit streams and rivers 
from Canada to the southeastern United States.  The taxonomy of the group is based 
largely upon larval and pupal characters, especially the shape, length, and branching  
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Table II.1. The Simulium jenningsi species-group (Adler et al., 2004). 
Species Author 
S. anchistinum Moulton and Adler, 1995 
S. aranti Stone and Snoddy, 1969 
S. definitum Moulton and Adler, 1995 
S. dixiense Stone and Snoddy, 1969 
S. haysi Stone and Snoddy, 1969 
S. infenestrum Moulton and Adler, 1995 
S. jenningsi Malloch, 1914 
S. jonesi Stone and Snoddy, 1969 
S. krebsorum Moulton and Adler, 1992 
S. luggeri Nicholson and Mickel, 1950 
S. nyssa Stone and Snoddy, 1969 
S. ozarkense Moulton and Adler, 1995 
S. penobscotense Snoddy and Bauer, 1978 
S. podostemi Snoddy, 1971 
S. remissum Moulton and Adler, 1995 
S. confusum species complex:  
S. chlorum Moulton and Adler, 1995 
S. confusum Moulton and Adler, 1995 
S. lakei Snoddy, 1976 
S. taxodium Stone and Beshear, 1968 
S. fibrinflatum species complex:  
S. fibrinflatum Twinn, 1936 
S. notiale Stone and Snoddy, 1969 
S. snowi Stone and Snoddy, 1969 
S. underhilli* Stone and Snoddy, 1969 
* currently listed as synonymous with S. fibrinflatum 
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order of the gill filaments; shape of the posterior tubercles of the larva; and the banding 
sequence of the giant polytene chromosomes (Moulton and Adler, 1995).  Adult males of 
a few species are separable based upon genitalic features, but females are extremely 
homogeneous structurally and thus are nearly impossible to differentiate. 
Females of all species are presumed to be mammalophilic based upon the shape 
of the tarsal claw tooth of females (Adler et al., 2004); however, only a few species, 
namely S. jenningsi, S. luggeri, and S. penobscotense, are believed to be serious pests of 
humans and animals (Adler and Kim, 1986; Stone and Snoddy, 1969; Bauer and Granett, 
1979; Fredeen, 1981).  Determination of pest status for any species in the group is 
difficult at best because reliable means of identification are not currently available.  The 
inability to correctly identify swarming and biting females precludes determination of 
pest status and ultimately prevents timely, cost-effective and environmentally sound 
treatments for problematic species (Adler and Kim, 1983).    
Difficulties in separating members of species complexes have resulted in the 
increased use of molecular techniques in recent years, especially within hematophagous 
insects (Tang et al., 1996; Townson et al. 1999; Van Bortel et al., 2000).  The use of 
mitochondrial markers for fingerprinting members of species complexes and resolving 
phylogenetic relationships has proven useful in some instances (Cook et al., 2005; Pruess 
et al., 2000).  Phylogenetic analysis of molecularly typed morphologically, diagnosable 
life stages, larvae and pupae in the case of the S. jenningsi group, along with typed field 
collected problematic females should result in phylogenetic inferences in which the 
unknown pest females group with knowns. 
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The goal of this study was to determine the utility of the mitochondrial genome 
[cytochrome oxidase subunit I (Cox I) plus 1/2 of cytochrome oxidase subunit II (Cox 
II)] in reconstructing relationships among the species within the Simulium jenningsi 
species-group.  This DNA fragment, or only a subset of it, has become the standard for 
DNA fingerprinting studies across diverse taxa, including insects (Caterino et al., 2000).  
Better identification of black fly females will help to determine true pest status and 
enable black fly suppression managers to better target their efforts.  Long-term 
implications of reaching this goal include addition of field-collected females to elucidate 
true pest status for its constituent species and enabling operators of black fly suppression 
programs targeted against group members to treat only habitats containing the largest 
populations of the pest species.  
ii – Materials and Methods 
 
Individual black flies representing all 22 members of the Simulium jenningsi 
species-group as recognized by Moulton and Adler (1995) were collected in the field 
(Table II.2).  Watercourses were picked based on previous records and rate of flow using 
U.S. Geological Survey gauges.  Specimen collection focused on riffle areas but all 
suitable areas of streams and rivers were sampled.  Larvae and pupae were hand-picked 
from substrates either in the field or in the laboratory after bringing substrates back to the 
laboratory in plastic storage bags.  Specimens were placed into plastic vials containing 
95% ethanol and stored in a freezer at -20°C. 
 Total genomic DNA was extracted from a single frozen ethanol-preserved 
individual.  Specimens were homogenized in a sodium dodecyl sulfate (SDS)-based lysis 
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Table II.2.  Samples included and collection locality data 
Taxa ID Species Name Country State County Stream/River 
anchistinum Hill S. anchistinum USA AL Tallapoosa Hillabee Creek 
anchistinum New R S. anchistinum USA NC Allegheny New River 
aranti FS GA S. aranti USA GA Meriwether Flint R. at Flat Shoals 
aranti SC S. aranti USA SC Oconee  Little River 
chlorum GC1 & GC2 S. chlorum USA SC Abbeville  Gill Creek 
chlorum PA1 S. chlorum USA PA Dauphin Clarks Creek 
confusum Eno R S. confusum USA SC Laurens Enoree River 
confusum GC Dark S. confusum USA SC Abbeville  Gill Creek 
confusum LR S. confusum USA TN Blount  Little River 
confusum TX S. confusum USA TX Liberty  San Jacinto River 
definitum GC S. definitum USA SC Abbeville  Gill Creek 
definitum PA2 S. definitum USA PA Schuykyll  Locust Creek 
dixiense CWC FL S. dixiense USA FL Santa Rosa  Coldwater Creek 
dixiense GA S. dixiense USA GA Taylor  Little Whitewater Cr. 
dixiense HMP SC S. dixiense USA SC Chesterfield  Little Black Creek 
fibrinflatum BWC S. fibrinflatum USA AL Lauderdale  Bluewater Creek 
fibrinflatum Chk S. fibrinflatum USA GA Baker  Chickasawatchie Cr. 
fibrinflatum Ocon GA S. fibrinflatum USA GA Clarke Oconee River 
haysi BCC1 & BCC2 S. haysi USA AL Conecuh  Burnt Corn Creek 
haysi TX S. haysi USA TX Liberty  San Jacinto River 
infenestrum L & P S. infenestrum USA SC Pickens  Rocky Bottom Creek 
jenningsi Eno R S. jenningsi USA NC Durham  Eno River 
jenningsi Ill R S. jenningsi USA AR Benton Illinois River 
jenningsi PA S. jenningsi USA PA Northampton  Delaware River 
jonesi AL S. jonesi USA AL Conecuh  Burnt Corn Creek 
jonesi NC S. jonesi USA NC Hoke  Quewhiffle Creek 
jonesi TX S. jonesi USA TX Smith  Sabine River 
krebsorum NC S. krebsorum USA NC Richmond  Mill Creek 
krebsorum SC S. krebsorum USA SC Richland  Cedar Creek 




Table II.2 Samples included and collection locality data (continued) 
Taxa ID Species Name Country State County Stream/River 
lakei SC S. lakei USA SC Williamsburg  Black River 
luggeri CF S. luggeri USA NC Harnett  Cape Fear River 
luggeri KY1 & KY2 S. luggeri USA KY Green Green River 
luggeri MO S. luggeri USA MO Wright  Gasconade River 
luggeri NWT S. luggeri Canada NWT N/A Unknown 
notiale FS, GA1, GA2 S. notiale USA GA Meriwether  Flint R. at Flat Shoals 
notiale RB SC S. notiale USA SC Pickens  Rocky Bottom Creek 
notiale TN S. notiale USA TN Morgan  Clear Creek 
nyssa BWC S. nyssa USA AL Lauderdale  Bluewater Creek 
nyssa Tar R S. nyssa USA NC Nash Tar River 
ozarkense MO 1, 2, 3 S. ozarkense USA MO Wright  Gasconade River 
penobscotense 1, 2, 3 S. penobscotense USA ME Penobscot Piscataquis River 
podostemi Cp Fr S. podostemi USA NC Harnett  Cape Fear River 
podostemi MS S. podostemi USA MS Tishomingo  Bear Creek 
remissum 1 & 2 S. remissum USA NC Allegheny  S. Fork of New River 
reptans UK* S. reptans UK NA NA Unknown 
snowi BWC 4+4 S. snowi USA AL Lauderdale  Bluewater Creek 
snowi BWC 4+5 S. snowi USA AL Lauderdale  Bluewater Creek 
snowi TN S. snowi USA TN Morgan Clear Creek 
Taunt. 8-fil. unknown USA MA Bristol Taunton River 
Taunt. 9-fil. unknown USA MA Bristol Taunton River 
taxodium Type 1 & 3 S. taxodium USA GA Baker  Chickasawatchie Cr. 
tuberosum Nol A* S. tuberosum USA TN Greene  Nolichucky River 
underhilli GA S. underhilli USA GA Meriwether  Flint R. at Flat Shoals 
underhilli Hill1 S. underhilli USA AL Tallapoosa  Hillabee Creek 
underhilli Hill2 S. underhilli USA AL Tallapoosa  Hillabee Creek 
venustum CC* S. venustum USA TX Harrison Bullard Creek 
*indicates outgroup taxa 
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 buffer including proteinase K.  The homogenates were incubated at 55°C for several 
hours prior to organic extraction with a solution of phenol, chloroform and isoamyl 
alcohol.  DNA salt was created by precipitation with sodium acetate and pelleted by 
addition of cold (-20°C) absolute isopropanol and centrifugation.  DNA was washed with 
70% and 95% ethanol, air-dried and resuspended in 100 μL of 1X TE.  Purified DNA 
samples were stored at -20°C. 
 Amplifications were performed in MasterCycler thermal cyclers (Eppendorf 
North America, Westbury, NY) using EX Taq Hotstart DNA polymerase (TakaraMirus) 
per the manufacturer’s suggested protocol and 1-2 μL of template DNA.  Primer 
combinations used in this study are listed in Table II.3.  Thermal cycling parameters for 
mitochondrial markers were as follows: 1:30 minute preheat at 94°C; 5 cycles of 94°C 
for 25 s, 52°C for 15 s and 72°C for 1 min; 5 cycles of 94°C for 25 s, 47°C for 15 s and 
72°C for 1 min; 30 cycles of 94°C for 25 s, 43°C for 15 s and 72°C for 1 min, and a final 
cycle for 5 min at 72°C. 
 PCR products were electrophoresed in 1% agarose, excised from the gel, and 
purified with a QiaQuick Gel Extraction Kit (Qiagen, Valencia, CA).  Both strands of 
each product were cycle-sequenced in 20 μL reactions with 8-fold diluted Big Dye 3.1 
(Applied Biosystems, Foster City, CA).  Sequencing reactions were cleaned in Centri-sep 
columns (Princeton Separations, Adelphia, NJ), electrophoresed through a 6% 
polyacrylamide gel in an MJ Research BaseStation Automated DNA Sequencer (Bio-
Rad, Hercules, CA), and analyzed with Cartographer 1.2.7 software.  Sequences from 
opposing strands were reconciled and verified for accuracy with Sequencher 4.2.2 (Gene 
Codes, Ann Arbor, MI). 
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Table II.3. Primers used in this study 
Gene Use/Name F/R Sequence (5' → 3')* Length 
COI PCR MT2F F TWAAACTAATAGCCTTCAAAGC 22-mer 
 SEQ PIECE 1 5’ SP F ATRGTWATRCCYATTATAATTGG 23-mer 
 SEQ PIECE 1 3’ SP R CDCTTTCTTGRCTAATAATATG 22-mer 
 PCR MT2R R CCWACTGTAAATATATGRTGAGC 23-mer 
     
COII PCR MT3F F CAAGAAAGYGGWAARAAGGAAAC 23-mer 
 SEQ PIECE 2 5’ F TATCWATRGGAGCYGTATTTGC  22-mer 
 SEQ PIECE 2 3’ R CCRTGWARTAARAATCGATTAG 22-mer 
 PCR MT3R R GCWGTRACTAAARTTCGAATTTG  23-mer 
 
* W=A/T; Y=C/T; R=A/G 
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Phylogenetic analyses under parsimony were performed by means of PAUP* 4.0 
(Swofford, 2002).  The most parsimonious trees were found by conducting 500 searches.  
Bayesian analyses were conducted with MrBayes 3.1 (Ronquist and Huelsenbeck, 2003) 
set to default parameters.  Node support was evaluated by nonparametric bootstrap 
resampling (Felsenstein, 1985) and calculation of posterior probabilities (as performed 
within Mr Bayes).  Bootstrap scores were calculated with PAUP from 500 replicates, 
each consisting of three random addition sequences. 
iii – Results and Discussion 
  
The final matrix had 68 terminal taxa representing 25 species, including 63 
representatives of the S. jenningsi group members (including S. underhilli) plus three 
non-S. jenningsi group species that served as outgroups.  Two exemplars of a potentially 
new species from Massachusetts, identified as Taunt. 8-fil. and Taunt. 9-fil., were also 
included in the matrix.  It was comprised of 2,187 characters, extending from the 
beginning of COI to the middle of COII.  All sequences will be deposited in GenBank 
and their accession numbers will be made available at a later date. 
Parsimony analysis of mitochondrial sequences yielded 8 equally parsimonious 
trees of 1,699 steps.  A majority rule consensus of these trees is shown as Figure II.1.  
Bayesian analysis of these data yielded a majority rule consensus tree that largely agrees 
in branching topology with that of the parsimony analysis. 
In general, the mitochondrial region chosen performed poorly, with only a few 
species being resolved as monophyletic entities.  Basal relationships and some species 
relationships were the only ones consistently recovered among analyses and having high 
 
Figure II.1 Phylogenetic tree based on mitochondrial data. 
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levels of node support (bootstrap and posterior probability scores).  Most species and 
inter-species relationships remained largely unresolved. 
The monophyly and the basal position of S. ozarkense and S. luggeri in the group 
were strongly supported.  These two species overlap over a wide portion of their range 
(Ozark Plateau from northeast TX to KY bluegrass and southern OH).  While larvae 
(polytenes only), pupae, and males of these species can be differentiated, reliable 
characters are lacking to separate females of these two species from one another or form 
other group members.  In the literature, females of these two species and S. aranti are 
said to possess yellow stem vein setae (Adler et al., 2004).  However, it has been 
discovered that color of these setae varies under environmental conditions, thus rendering 
them useless (P.H. Adler, personal communication).  Simulium ozarkense lacks 
chromosome IL-4 and this character separates it from S. luggeri, which is the only 
species having this chromosome inversion. 
Simulium taxodium was recovered as monophyletic with strong support and fell 
outside of a large clade subdivided into largely ecologically definable subclades.  It exists 
primarily in southwestern Alabama and adjacent north Florida and very sporadically 
along the eastern coastline to Pennsylvania.  Simulium taxodium females lack defining 
morphological characteristics and are presumably mammalophilic. 
Although poorly supported at the deeper nodes, S. aranti received 100% bootstrap 
support and is monophyletic.  Adult females of this species can be identified 
morphologically.  This species has relatively small distribution among several counties in 
Tennessee, Georgia, South Carolina and Alabama.  S. aranti is a minor pest to humans 
and its host preference is unknown. 
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Simulium chlorum from Gill Creek, South Carolina is a supported as 
monophyletic.  However, it is not surprising to find it supported as a sister group to S. 
confusum from the same area.  These two species share nearly identical morphology and 
many of the same chromosome inversions.  Adding to the difficulties in separating the 
two is inconsistent gill filament number and branching.  These two species are most 
likely hybridizing or have done so extensively in their past. 
 The monophyly of S. penobscotense was poorly supported at the deeper nodes 
yet received high bootstrap values.  This species is confined primarily to Maine and is a 
consistent pest of humans.  Morphological characters are lacking, however, that can 
separate S. penobscotense adult females from sister groups containing S. anchistinum, S. 
infenestrum and S. nyssa. While there are no current records of S. anchistinum or S. 
infenestrum found in Maine, S. nyssa is common in the area.  The S. anchistinum + S. 
infenestrum + S. nyssa clade received varying levels of support from the parsimony and 
Bayesian analyses and is not fully resolved. 
The clade containing S. underhilli and S. fibrinflatum is accepted as a monophyly 
and these two species are currently listed as synonymous (Moulton and Adler, 1995).  
However, distinctions between the two species can be made based on differences in the 
pupal gill.  The pupal gill of S. fibrinflatum has a distinctly engorged appearance whereas 
S. underhilli has thinner gill filaments.  It is suspected that S. fibrinflatum is a species 
complex although proof of this hypothesis awaits further chromosomal studies. 
Similarly, the clade containing S. snowi and S. notiale is accepted as 
monophyletic even though it contains two separately recognized species.  These species 
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are nearly identical and are commonly found together.  The adult females cannot be 
separated between these two species. 
Although many monophyletic groups were found, clear resolution was lacking in 
the center clades of the phylogenetic tree.  Simulium jenningsi, S. podostemi, and S. 
remissum females cannot be morphologically differentiated and the three species form a 
single clade that is strongly supported from the bootstrap and Bayesian analysis.  
Simulium podostemi and S. remissum exist in small but widespread populations.  
However, S. jenningsi is consistently found in all of the locations.  There is also a lack of 
resolution among S. confusum, S. dixiense, S. definitum, S. krebsorum, S. haysi, S. jonesi, 
and S. lakei.  These species’ ranges overlap in varying degrees and they may hybridize, 
especially S. confusum with sympatric species.  Although placement of S. confusum is 
widespread in the topology, it is resolved in two instances as being monophyletic with 
another species found in the same location.  The results indicate that the mitochondrial 
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III. MOLECULAR PHYLOGENY OF THE SIMULIUM 
JENNINGSI SPECIES-GROUP BASED ON NUCLEAR DNA 
SEQUENCES 
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i – Introduction 
 
The Simulium jenningsi species-group, one of the largest species-groups of black 
flies in North America, is currently represented by 22 species (Moulton and Adler, 1995) 
in at least three putative species complexes (S. jenningsi, S. luggeri, and S. confusum) 
(Adler et al., 2004).  Immature stages of the group inhabit streams and rivers ranging 
from Canada through eastern North America with the highest levels of species diversity 
occurring in the southern United States.  Females of all species are presumed to be 
mammalophilic based upon the shape of the tarsal claw tooth of females (Adler et al., 
2004); however, only a few species, namely S. jenningsi, S. luggeri, and S. 
penobscotense, are believed to be serious pests of humans and animals (Adler and Kim, 
1986; Bauer and Granett, 1979; Fredeen, 1981; Stone and Snoddy, 1969).  While larval 
and pupal stages have traditionally provided the characters necessary for identification 
through morphology, the adults lack reliable characters and thus are nearly impossible to 
distinguish from one another.  The majority of the members were described over a period 
of more than sixty years, beginning with S. jenningsi (Malloch, 1914) to S. penobscotense 
(Snoddy and Bauer, 1978).  Revision of the group (Moulton and Adler, 1995) resulted in 
the recognition of 7 additional species.  Difficulties in identifying adults lie not only in 
uniform morphology shared by all members of the group, but also in the sheer number of 
species, as well as the probability that unidentified species still exist. 
Some species are well known for biting humans, horses, and cattle.  Although the 
pest status of most of the species is unknown, they are presumed to be mammalophilic 
(Adler et al., 2004).  Determination of pest status is difficult when reliable means of 
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identification are not available.  The inability to correctly identify species prohibits the 
determination of pest status and ultimately prevents timely, cost-effective and 
environmentally sound treatments for problematic habitats (Adler and Kim, 1983).   
Difficulties in separating members of species complexes have resulted in the 
increased use of molecular techniques in recent years, especially for hematophagous 
insects (Tang et al., 1996; Townson et al. 1999; Van Bortel et al., 2000).  The use of 
mitochondrial markers for fingerprinting members of species complexes and resolving 
phylogenetic relationships often has resulted in robust analyses (Cook et al., 2005; Pruess 
et al., 2000).  However, use of this type of marker in the previous analysis (Chapter II) 
left much to be desired in terms consistently defining relationships among members of 
the S. jenningsi group.   
Nuclear markers also have been implemented for the resolution of evolutionary 
relationships.  Mitochondrial DNA is limiting in that it retains ancestral polymorphism, 
retains introgression following hybridization, and causes male-biased gene flow (Moritz 
and Cicero, 2004), possibly resulting in the sequencing of misleading data.  Therefore, 
the consensus is that more than one type of marker should be sequenced for molecular 
systematic methods and combining data sets should be considered (Caterino et al., 2000).  
Resolution of relationships can be improved by combining data sets (Clark et al., 2001; 
Silva-Brandão et al., 2005).  However, combined data sets can result in incongruence 
(Monteiro and Pierce, 2001) with the mitochondrial data providing a greater number of 
informative characters.  On the other hand, incongruence between the data sets may 
result, and elimination of mitochondrial data may result in stronger supported 
phylogenies (Mallarino et al., 2005; Sota and Vogler, 2001). 
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The goals of this study were to reconstruct the molecular phylogeny of the 
Simulium jenningsi species-group from the sequence of the nuclear gene “big zinc finger 
2,” and to determine the value of combining the nuclear data with mitochondrial data 
from cytochrome oxidase subunit I (COI) and cytochrome oxidase subunit II (COII). 
ii – Materials and Methods 
 
Individual black flies representing all 22 members of the Simulium jenningsi 
species-group as recognized by Moulton and Adler (1995) were collected in the field 
(Table III.1).  Watercourses were picked based on previous records and rate of flow using 
U.S. Geological Survey gauges.  Specimen collection focused on riffle areas but all 
suitable areas of streams and rivers were sampled.  Larvae and pupae were hand-picked 
from substrates either in the field or in the laboratory after bringing substrates back to the 
laboratory in plastic storage bags.  Specimens were placed into plastic vials containing 
95% ethanol and stored in a freezer at -20°C.   
 Total genomic DNA was extracted from a single frozen ethanol-preserved 
individual.  Specimens were homogenized in a sodium dodecyl sulfate (SDS)-based lysis 
buffer including proteinase K.  The homogenates were incubated at 55°C for several 
hours prior to organic extraction with a solution of phenol, chloroform and isoamyl 
alcohol.  DNA salt was created by precipitation with sodium acetate and pelleted by 
addition of cold (-20°C) absolute isopropanol and centrifugation.  DNA was washed with 
70% and 95% ethanol, air-dried, and resuspended in 100 μL of 1X TE.  Purified DNA 
samples were stored at -20°C.  The region of the nuclear genome examined was a 
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Table III.1.  Samples included and collection locality data. 
Taxa ID Species Name Country State County Stream/River 
anchistinum CF S. anchistinum USA NC Harnett Cape Fear River 
anchistinum Hill S. anchistinum USA AL Tallapoosa Hillabee Creek 
aranti AS S. aranti USA GA Wilkes Broad River  
aranti FS GA S. aranti USA GA Meriwether Flint R. (Flat Shoals) 
aranti Hill S. aranti USA AL Tallapoosa  Hillabee Creek 
aranti SC S. aranti USA SC Oconee  Little River 
chlorum GC1 S. chlorum USA SC Abbeville  Gill Creek 
chlorum GC3 S. chlorum USA SC Abbeville  Gill Creek 
chlorum PA1 S. chlorum USA PA Dauphin Clarks Creek 
confusum Eno R S. confusum USA SC Laurens Enoree River 
confusum GC1 S. confusum USA SC Abbeville  Gill Creek 
confusum GC Dark S. confusum USA SC Abbeville  Gill Creek 
confusum LR S. confusum USA TN Blount Little River 
confusum TX S. confusum USA TX Liberty  San Jacinto River 
decimatum S. decimatum CAN NWT Unknown Unknown 
definitum PA1 S. definitum USA PA Schuykyll Locust Creek 
definitum PA2 L S. definitum USA PA Schuykyll  Locust Creek 
definitum PA2 P S. definitum USA PA Luzerne  Nescopeck Creek 
dixiense CWC FL S. dixiense USA FL Santa Rosa  Coldwater Creek 
dixiense GA S. dixiense USA GA Taylor  Little Whitewater Cr. 
dixiense HMP SC S. dixiense USA SC Chesterfield Little Black Creek 
dixiense NC S. dixiense USA NC Hoke  Quewhiffle Creek 
fibrinflatum Androsc. S. fibrinflatum USA ME Oxford Androscoggin River 
fibrinflatum Chk S. fibrinflatum USA GA Baker  Chickasawatchie Cr. 
fibrinflatum Kenn. S. fibrinflatum USA ME Somerset Kennebec River 
fibrinflatum Ocon GA S. fibrinflatum USA GA Clarke Oconee River 
fibrinflatum PA S. fibrinflatum USA PA Chester Brandywine River 
haysi BCC1 & BCC2 S. haysi USA AL Conecuh  Burnt Corn Creek 
haysi TX S. haysi USA TX Liberty San Jacinto River 
infenestrum L & P S. infenestrum USA SC Pickens  Rocky Bottom Creek 
jenningsi Eno R S. jenningsi USA NE Durham  Eno River 
jenningsi ME S. jenningsi USA ME Somerset Kennebec River 
jenningsi Ill R S. jenningsi USA AR Benton  Illinois River 
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Table III.1 Samples included and collection locality data (continued) 
Taxa ID Species Name Country State County Stream/River 
jenningsi PA S. jenningsi USA PA Northampton Delaware River 
jonesi GA S. jonesi USA GA Stewart Pataula Creek 
jonesi TN S. jonesi USA TN Shelby  Clear Creek 
jonesi TX S. jonesi USA TX Smith  Sabine River 
krebsorum NC S. krebsorum USA NC Richmond  Mill Creek 
krebsorum SC S. krebsorum USA SC Richland Cedar Creek 
lakei PA1 S. lakei USA PA Luzerne  Nescopeck Creek 
lakei SC S. lakei USA SC Williamsburg  Black River 
luggeri HR S. luggeri USA NC Chatham  Haw River 
luggeri KY1 S. luggeri USA KY Green Green River 
luggeri NWT S. luggeri Canada NWT Unknown Unknown 
notiale BWC 6+6 S. notiale USA AL Lauderdale  Bluewater Creek 
notiale BWC 5+6 S. notiale USA AL Lauderdale  Bluewater Creek 
notiale VA S. notiale USA VA Albemarle  Rivanna River 
nyssa BWC S. nyssa USA AL Lauderdale  Bluewater Creek 
nyssa Eno S. nyssa USA NC Durham  Eno River 
nyssa PA S. nyssa USA PA Luzerne  Nescopeck Creek 
nyssa VA S. nyssa USA VA Albemarle Rivanna River 
ozarkense MO 1, 2, 3 S. ozarkense USA MO Wright Gasconade River 
penobscotense 1 & 2 S. penobscotense USA ME Piscataquis Piscataquis River 
podostemi Pisc. S. podostemi USA ME Piscataquis Piscataquis River 
podostemi AS S. podostemi USA GA Wilkes Anthony Shoals 
podostemi MS S. podostemi USA MS Tishamingo  Bear Creek 
podostemi NC S. podostemi USA NC Nash Tar River? 
remissum 1 & 2 S. remissum USA NC Allegheny  S. Fork of New River 
reptans* S. reptans UK N/A N/A Unknown 
snowi BWC 4+4 S. snowi USA AL Lauderdale  Bluewater Crk. 
Taunt. 8-fil. & 9-fil. unknown USA MA Bristol Taunton River 
taxodium Type 1 & 3 S. taxodium USA GA Baker  Chickasawatchie Crk. 
underhilli GA S. underhilli USA GA Meriwether Flint R. at Flat Shoals 
underhilli Hill1 & 2 S. underhilli USA AL Tallapoosa  Hillabee Creek 
 *indicates outgroup taxa  
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 2,100 base-pair portion of the unnamed gene CG7987 of Drosophila melanogaster.  I 
hereby coin the term big zinc finger 2 for this gene.  The large zinc finger protein 
translated by this single copy gene is involved in transcriptional regulation.  It is rapidly 
evolving, both at the nucleotide and amino acid level, as it contains 2 introns and displays 
66% amino acid divergence between D. melanogaster and Anopheles gambiae.  Primers 
for amplification and direct sequencing of a fragment corresponding to approximately 
two-thirds of this gene have been designed and validated (Table III.2). 
 Amplifications were performed in MasterCycler thermal cyclers (Eppendorf 
North America, Westbury, NY) using Ex Taq Hotstart DNA polymerase (TakaraMirus) 
per the manufacturers suggested protocol with 1-2 μL of template DNA and 2 ul of 5-10 
pmol of forward and reverse primer.  Thermal cycling parameters were as follows: 1.5 
min preheat at 94°C; 5 cycles of 94°C for 30 s, 57°C for 15 s and 72°C for 2:30 min; 10 
cycles of 94°C for 30 s, 53°C for 15 s and 72°C for 2.5 min; 34 cycles of 94°C for 30 s, 
47°C for 15 s and 72°C for 2.5 min, and a final cycle for 7 min at 72°C. 
 PCR products were electrophoresed in 1% agarose, excised from the gel, and 
purified with a QiaQuick Gel Extraction Kit (Qiagen, Valencia, CA).  Both strands of 
each product were cycle-sequenced in 20 μL reactions with 8-fold diluted Big Dye 3.1 
(Applied Biosystems, Foster City, CA).  Sequencing reactions were cleaned in Centri-sep 
columns (Princeton Separations, Adelphia, NJ), electrophoresed through a 6% 
polyacrylamide gel in an MJ Research BaseStation Automated DNA Sequencer (Bio-
Rad, Hercules, CA), and analyzed with Cartographer 1.2.7 software.  Sequences from 
opposing strands were reconciled and verified for accuracy with Sequencher 4.2.2 (Gene 
Codes, Ann Arbor, MI).
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Table III.2. Primers used in this study 
Gene Use/Name F/R Sequence (5' → 3')* Length 
COI PCR MT2F F TWAAACTAATAGCCTTCAAAGC 22-mer 
 SEQ PIECE 1 5’ SP F ATRGTWATRCCYATTATAATTGG 23-mer 
 SEQ PIECE 1 3’ SP R CDCTTTCTTGRCTAATAATATG 22-mer 
 PCR MT2R R CCWACTGTAAATATATGRTGAGC 23-mer 
     
COII PCR MT3F F CAAGAAAGYGGWAARAAGGAAAC 23-mer 
 SEQ PIECE 2 5’ F TATCWATRGGAGCYGTATTTGC  22-mer 
 SEQ PIECE 2 3’ R CCRTGWARTAARAATCGATTAG 22-mer 
 PCR MT3R R GCWGTRACTAARTTCGAATTTG  22-mer 
     
BZF2 PCR 385F F CCNTTYGTNTGYCARCARTGYGG 23-mer 
 PCR FWD3 F GCAARACGTTTCACAAYAARGC 22-mer 
 SEQ 2.3 FWD3 F GCAARACGTTTCACAAYAARGC 22-mer 
 SEQ 2.3 5’ REPL F CTRATGAARCAYGCMTGGGAYCA  23-mer 
 SEQ 2.3 5ALT F TCGTGCACNGAGTGYGG 17-mer 
 SEQ 2.3 5iSP F CCAAAATGATGGTCGAG 17-mer 
 SEQ 2.3 3iSP R GATRTCCATNACGTTRTC 18-mer 
 SEQ 2.3 5E 3iSP R GTACGCCATCATCATYTG 18-mer 
 SEQ 2.2 3’ REPL R AAYTGRTTNGTYTTTGTGTG  20-mer 
 PCR 1203R R TTNACNGGNGARCGNAGDATYTCYTC  26-mer 
 PCR 765R R CCRTCNGCRAANGCYTTCCARCA 23-mer 
 
* W=A/T; Y=C/T; R=A/G  
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Phylogenetic analyses under parsimony were performed by means of PAUP* 4.0 
(Swofford, 2002).  The most parsimonious trees were found by conducting 500 searches.  
Bayesian analyses were conducted with MrBayes 3.1 (Ronquist and Huelsenbeck, 2003) 
set to default parameters.  Node support was evaluated by nonparametric bootstrap 
resampling (Felsenstein, 1985) and calculation of posterior probabilities (as performed 
within Mr Bayes).  Bootstrap scores were calculated with PAUP from 500 replicates, 
each consisting of three random addition sequences. 
iii – Results and Discussion 
 
The final aligned data matrix for the nuclear gene examined, big zinc finger 2, 
was comprised of 2,191 aligned sites.  It contains 73 terminal taxa of which two served as 
outgroups (S. decimatum of the S. arcticum species group and S. reptans of the S. reptans 
species group) and 71 serve as the ingroup.  Among the ingroup taxa, all currently 
recognized species in the Simulium jenningsi group are included and are represented by at 
least two individuals.  A putatively undescribed group member, described as Taunt. 8-fil. 
and Taunt. 9-fil., also was included in the matrix, known only from larvae and pupae 
collected from the Taunton River in Massachusetts. 
Maximum parsimony analysis of nucleotide sequences from big zinc finger 
yielded two equally parsimonious trees of 2,880 steps.  These trees differed only with 
respect to relative placements of species contained with the clade comprised of S. 
anchistinum, S. nyssa, S. jenningsi, S. penobscotense, S. infenestrum, and S. podostemi. 
Bayesian analysis yielded a tree with a grossly similar branching order.  This tree is 
depicted as Figure 3.1. 
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As a tool for separating species, the nuclear gene performed better than the 
mitochondrial genes, resulting in the reconstruction of 12 monophyletic species as 
opposed to only 5 in the mitochondrial tree (Figure III.1).  Morphospecies recovered as 
monophyletic in the nuclear analysis included the following: S. luggeri, S. aranti, S. 
ozarkense, S. haysi, S. krebsorum, S. dixiense, S. definitum, S. remissum, S. infenestrum, 
S. penobscotense, S. podostemi, and S. jenningsi.  In addition, the S. fibrinflatum group – 
a homogenous group of species including S. fibrinflatum, S. underhilli, S. notiale and S. 
snowi – was recovered as monophyletic.  All members of this group possess a glabrous 
pupal integument (most species have numerous granules) and an identical, unique 
polytene chromosome banding pattern.  The mitochondrial DNA-based phylogeny 
possessed a S. fibrinflatum grouping but in the middle of it was a lineage comprised of 
three morphologically and chromosomally dissimilar species (Moulton and Adler, 1995). 
Simulium aranti occupied a basal position within the S. jenningsi group in the 
nuclear gene tree.  This species is morphologically highly divergent from others in the 
group, and shares a few features with S. decimatum and other S. arcticum group 
members, including a multi-apertured pupal cocoon, darkly pigmented larva, and largely 
obscure positive larval head-spot pattern.  The true phyletic relevance of these characters, 
however, requires further study.  Another basal lineage in the BZF2 tree is S. luggeri.  
This widespread species and likely species complex shares two cocoon-related structural 
similarities to S. arcticum group members, namely a boot-shaped, multi-apertured cocoon 
rather than a slipper-shaped, single-apertured pupal cocoon.  Both of these characters are 
likely environmentally influenced as S. luggeri populations in the southern portion of its 
range are more typical of other group members (J. K. Moulton, personal communication).  
 
 
Figure III.1 Phylogenetic tree based on nuclear data from big zinc finger 2. 
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 Simulium luggeri does not possess the IL-4 chromosomal inversion present in all other 
group members examined (Adler et al., 2004; Moulton and Adler, 1995). 
Two major subclades appeared in most analyses of BZF2 sequences, although 
their precise makeup differed among the different reconstruction methods used.  One of 
these subclades is comprised of species that are typically found in large, upland, fast-
flowing rivers with rocks making up a large portion of available substrate.  Larvae of all 
of these species possess small to virtually nonexistent posteroventral tubercles (Currie, 
1986), the condition present in the outgroup taxa.  The other major subclade is comprised 
of species whose larvae develop in more slowly flowing streams and rivers at lower 
elevations.  Larvae of these species generally possess larger ventral tubercles, ranging in 
size from 1/3 to 2/3 times the depth of the body at their insertion point (Moulton and 
Adler, 1995), with the exceptions being S. dixiense and S. ozarkense.  These species are 
generally found in higher flows (riffles) in slow-moving streams and rivers.  Included in 
this subclade are the following species: S. jonesi, S. haysi, S. krebsorum, S. definitum, S. 
lakei, S. taxodium, S. confusum, S. chlorum, S. dixiense, S. ozarkense, S. remissum, and 
the likely undescribed Taunton River species.  Relationships between individuals of S. 
confusum, S. chlorum, and S. lakei are the most contentious within the group.  These 
species are virtually identical morphologically, differing consistently only with respect to 
larval polytene chromosome banding pattern.  It is likely that introgression or some other 
phylogenetically confounding events have taken place among populations of these three 
species. 
Two instances of near monophyly in reconstructed trees, defined here as when all 
but one individual of a multiply sampled species grouped together, occurred twice in the 
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analysis of this data set (S. jonesi and S. podostemi).  Simulium jonesi is easily identified 
on the basis of the distinctive gill.  Specimens collected from Tennessee and Georgia 
formed a clade, but a specimen collected from Texas did not group with them.  The 
position of the more eastern two may be the correct placement, as S. jonesi and its 
hypothesized sister group in this position, S. definitum, are homosequential (e.g., 
identical) in polytene chromosome banding (P. H. Adler, personal communication).  The 
inclusion of additional specimens of S. jonesi from Louisiana or Mississippi might 
shorten a potential long-branch attraction problem leading the Texas S. jonesi towards 
other species.  Individuals of S. podostemi collected from Georgia, Mississippi, and North 
Carolina grouped together with confidence, while the other sampled specimen from 
Maine did not join them.  The enormous geographical gap between these populations of 
S. podostemi might also be successfully bridged by including specimens from intervening 
areas. 
The ability to distinguish species, and therefore females, within the Simulium 
jenningsi group based upon using the BZF2 gene as a predictor, was improved several 
fold over that of mitochondrial genes.  Although only half of the known species were 
separable using this gene, only one species could be identified using adult female 
morphology to separate species.  Females of S. aranti, with its two short thoracic stripes 
visible only in posterodorsal view, are reliably distinguishable from other group members 
using morphological means (Moulton and Adler, 1995).  Because S. aranti is rare due to 
dwindling of its specialized habitat (large shoals of southeastern US rivers), it is not 
likely to be frequently encountered or reach pest status. 
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Based upon the results of this study, I predict that examination of additional 
nuclear molecular markers and increased taxon sampling will improve species 
recognition, if only for that of S. jonesi and S. podostemi.  Based upon strong support for 
the monophyly of individuals identified as S. snowi and S. notiale from Bluewater Creek, 
AL, based upon pupal gill filament number, it is likely that S. snowi and S. notiale are the 
same species.  The same is possibly true for S. fibrinflatum and S. underhilli, the latter of 
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This project was the first attempt to molecularly identify members of the 
Simulium jenningsi species-group and was a large undertaking with the goal of 
sequencing over 4300 base pairs per specimen.  Although the results were not ideal, 
several conclusions can be drawn from this project.  The mitochondrial genes COI and 
COII were unsuccessful in resolving the relationships between the Simulium jenningsi 
species to the degree that has been evident in studies of other insects.  The greater 
number of monophyletic groups derived from the nuclear data suggests that further 
research should investigate other nuclear genes, although which one(s) cannot be 
determined.  Complete molecular identification of the group may be contingent upon 
sequencing the entire genome and systematically piecing together the correct formula of 
informative genes.  However, the possibility remains that fingerprinting this group may 
never be possible due to hybridization and introgression. 
